Introduction
The ubiquitous second messenger cAMP plays a fundamental role in the cellular response to multiple external stimuli, including hormones and neurotransmitters (Tasken and Aandahl, 2004; Wong and Scott, 2004) . It has become clear over recent years that this pathway is subject to complex spatial and temporal regulation. The cAMP signalling pathway is subject to regulation by cross-talk through interaction with a number of other distinct signalling cascades at many points, and also to the carefully controlled intracellular localisation of the signalling components, which allow gradients of cAMP to be produced in the cell in response to distinct stimuli and environmental conditions Houslay and Adams, 2003; Houslay and Kolch, 2000; Tasken and Aandahl, 2004; Wong and Scott, 2004; Zaccolo et al., 2002) .
Once generated by adenylyl cyclases, the only way in which cAMP can be inactivated is by its hydrolysis through the action of cyclic nucleotide phosphodiesterases (PDEs) (Houslay and Adams, 2003) . Enzymes of the PDE4 family, which specifically hydrolyse cAMP, are of particular interest because PDE4-selective inhibitors have been implicated in the treatment of a number of disease states such as asthma, COPD, rheumatoid arthritis and depression . Four genes encode the family of PDE4 enzymes (A, B, C and D) and from these are generated ~20 different isoforms (Houslay and Adams, 2003) . Differential regulation of cAMP signalling by PDE4 is achieved by the ability of their distinct N-terminal regions to confer differential intracellular localisations, and also by their ability to interact with components of signalling systems or intracellular substrates Houslay and Adams, 2003) . Thus interaction of PDE4D5 with ␤-arrestin and its subsequent recruitment to the ␤ 2 -adrenergic receptor on agonist stimulation (Bolger et al., 2003; Perry et al., 2002) drives the ability of these receptors to switch their signalling from the G sdriven adenylyl cyclase pathway to G i -coupled activation of ERK . In addition PDE4D5 also interacts with the signalling scaffold protein, RACK1 ; PDE4A4/5 and PDE4D4 interact with SH3 domains of src-family tyrosyl kinases McPhee et al., 1999) ; PDE4D3 interacts with a variety of proteins including AKAP450 (Tasken et al., 2001) , mAKAP (Dodge et al., 2001) and myomegalin (Verde et al., 2001 ) and PDE4B1 with DISC1 (Millar et al., 2005) .
Of the 20 or so PDE4 isoforms, the brain-specific (McPhee et al., 2001) super-short PDE4A1 is unique in that it is exclusively membrane associated, this being conferred by its isoform-specific 25 amino acid N-terminal region (Shakur et al., 1993) . Deletion of this region has been shown to yield a fully active, entirely soluble enzyme, whereas the fusion of this unique N-terminal region to various proteins that were normally soluble rendered them membrane associated with identical distributions to the full-length PDE4A1 (Scotland and Houslay, 1995; Shakur et al., 1993; Smith et al., 1996) . NMR The unique N-terminal regions of PDE4 cAMP-specific phosphodiesterases confer interaction with distinct signalling and scaffolding proteins. The PDE4A1 isoform is unique in being entirely membrane associated. Its Nterminal region is formed from two helices separated by a mobile hinge, where helix-2 contains a TAPAS1 domain that inserts into the lipid bilayer in a Ca 2+ -triggered fashion. Here we show that helix-1 is important for intracellular targeting of PDE4A1 in living cells, facilitating membrane association, targeting to the transGolgi stack and conferring Ca 2+ -stimulated intracellular redistribution in a manner that is dependent on the phospholipase-D-mediated generation of phosphatidic acid. The LxDFF motif within helix-1 is pivotal to this, where Leu4-Phe6-Phe7 forms a compact hydrophobic pocket on one side of helix-1 whereas Asp5, located on the opposite face of helix-1, provides the Ca 2+ -regulation site. Mutation of Asp5 to Ala or the release of Ca 2+ from intracellular stores de-restricts trans-Golgi localisation of PDE4A1 allowing it to redistribute in cells in a phosphatidic-acid-dependent manner. This study provides the first evidence for Ca 2+ -triggered relocalisation of a cAMP phosphodiesterase and indicates a potential means for allowing cross-talk between the cAMP, phospholipase D and Ca 2+ -signalling pathways.
analyses of the unique N-terminal region of PDE4A1 showed it to be composed of two distinct helical structures separated by a mobile 'hinge' region (Smith et al., 1996) . The first of these helices (Helix-1; amino acids 1-8) comprises a Nterminal amphipathic ␣-helix whereas the second (Helix-2; amino acids 14-25) is a compact helical structure that is highly hydrophobic and tryptophan-rich (Smith et al., 1996) . More recently we have identified a novel microdomain within helix-2, called TAPAS-1, which allows association with membranes and lipid vesicles . It is the binding of Ca
2+
to Asp21 in TAPAS-1 that serves as a trigger for both membrane insertion of this domain and its preference for interaction with phosphatidic acid (PA) . Phospholipase D (PLD) hydrolyses phosphatidylcholine (PC) and through its action generates PA. Both PLD and PA have been implicated in a range of cellular functions such as exo-and endocytosis, cellular proliferation, membrane trafficking and cytoskeletal organisation. PLD is widely expressed (Meier et al., 1999) and PLD activity has been shown to be stimulated through the action of various cell surface receptors (Exton, 2002) . Two mammalian PLD genes (PLD1 and PLD2) have been described, both of which generate splice variants (Colley et al., 1997; Hammond et al., 1995; Hammond et al., 1997; Steed et al., 1998) and which differ in their subcellular distribution and regulation (Brown et al., 1998; Exton, 2002; Freyberg et al., 2003) . However, downstream targets of PLD have proved difficult to elucidate, although a number of candidates have been proposed, such as Raf-1 (Rizzo et al., 2000) , mTOR (Fang et al., 2001) , RGS proteins (Ouyang et al., 2003) , various traffic-related proteins (Manifava et al., 2001) , the p47 phox domain of NADPH oxidase (Karathanassis et al., 2002) and sphingosine kinase-1 (Delon et al., 2004 ). It appears that such proteins can interact with PA in very different ways. Thus, in PDE4A1, TAPAS-1 inserts in the lipid bilayer where it shows selectivity for association with PA rather than other acidic phospholipids, such as phosphatidyl serine (PS) and phosphatidylinositol-4,5-bisphosphate (PIP 2 ). In contrast to this, other proteins, such as Raf, do not insert into bilayers but appear to interact electrostatically with the PA headgroup and, invariably, that of PS and other acidic phospholipids. Our previous in vitro analyses have shown that PA binding to PDE4A1 is intrinsic to its membrane association. Here we show that the presence of the TAPAS1 domain alone is insufficient for the fidelity of membrane targeting of PDE4A1 in situ in intact cells. We identify a novel key role that helix-1 plays in achieving not only membrane association and targeting of PDE4A1 but conferring a dynamic ability to alter intracellular distribution of PDE4A1. This dynamic relocalisation occurs in response to changes in intracellular Ca 2+ levels upon its release from intracellular stores and is, additionally, dependent on the ability of PLD to generate PA.
Results

Helix-1 of the unique N-terminal region of PDE4A1 is required for its Golgi targeting
The 25 amino acid region of PDE4A1 is responsible for the unique and exclusive association of this PDE4 isoform to membranes (Shakur et al., 1993) . NMR analyses have shown that this region forms two distinct helical regions, namely helix-1 formed from the first seven amino acids of PDE4A1 and helix-2, formed from amino acids 14-25 of PDE4A1
Journal of Cell Science 119 (18) (Smith et al., 1996) . These two regions are separated by a mobile hinge region, provided by amino acids 8-13 of PDE4A1 (Smith et al., 1996) (Fig. 1) . The second helical region of (1-25) PDE4A1 contains within it a microdomain, named TAPAS1, which confers insertion of this unit into lipid vesicles . This irreversible association occurs in a Ca 2+ -dependent manner with the TAPAS-1 microdomain showing a preference for interaction with PA .
Localisation of endogenous PDE4A1 has proved impossible to evaluate owing to the low endogenous protein expression levels, the technical difficulties that have eluded raising an antibody specific to this isoform, and the restriction of PDE4A1 expression to the brain. In order to understand the targeting of this unique PDE4 isoform in living cells, and also to examine dynamic changes in its cellular distribution, we have used an engineered chimera of the isoform-specific Nterminal region of PDE4A1 [(1-25) PDE4A1] coupled to the soluble green fluorescent protein, eGFP. This chimeric construct has been shown previously by us to localise primarily in the Golgi apparatus. It does this in a manner identical to that seen for full-length recombinant PDE4A1 expressed in COS1, COS7, FTC133 and FTC236 cells and also chimeras formed from 1-25 PDE4A1 with CAT Pooley et al., 1997) .
We aimed here to explore the relevance of helix-1 and the hinge region of (1-25) PDE4A1 to the intracellular targeting of PDE4A1 in living cells. To do this we used confocal immunofluorescence microscopy to examine the intracellular targeting of a series of deletion and amino acid substitutions in a chimera [(1-25)-4A1-GFP] formed between GFP and the first 25 amino acids of PDE4A1 [(1-25) PDE4A1] (Fig. 1) . Expressed in COS1 cells, (1-25)-4A1-GFP showed a tight localisation to the Golgi, co-localising with the Golgi marker BODIPY ceramide. Indeed, (1-25)-4A1-GFP showed a 97±1% co-localisation with the Golgi probe, BODIPY ceramide with a correlation factor of 0.970±0.004 (n=31) (Fig. 2A) . Intriguingly, however, only 58±3% of this Golgi marker overlaps with (1-25)-4A1-GFP suggesting that, although PDE4A1 co-localises entirely within the Golgi apparatus, it is Fig. 1 . Schematic representation of the constructs used in this study. Full-length PDE4A1 is shown with nomenclature of the N-terminal deletions and amino acid substitutions in detail below. Mutations are in bold and the hinge region is in italics. PDE4A1 intracellular trafficking only present within a specific region of this structure. To examine this further, we used markers specific for the cis (GM130) and trans (TGN46) regions of the Golgi, which allowed us to show that (1-25)-4A1-GFP localises to the transGolgi ( Fig. 2A) , with a correlation factor of 0.86±0.04 (n=27). By contrast, localisation of (1-25)-4A1-GFP showed no correlation with GM130 cis-Golgi marker staining (0.71±0.06%; n=27) ( Fig. 2A) .
To identify any influence of helix-1 on PDE4A1 targeting in situ we examined deletion constructs of the (1-25)-4A1-GFP chimera (Fig. 1) . To our surprise, we found that the targeting of (1-25)-4A1-GFP to the Golgi was disrupted by the deletion of helix-1, as seen in the construct ⌬2-7(1-25)-4A1-GFP with only 20±2% of this construct co-localising with the Golgi marker (n=25) (Fig. 2B,C) . This paralleled the effect of deletion of helix-2, as in the ⌬14-25(1-25)-4A1-GFP chimera (Fig. 2B,C ) co-localisation with the Golgi was reduced to 21±4% (n=25). Failure to target to the Golgi occurred in spite of the fact that our previous analyses showed the cognate helix-1 deletion chimera, ⌬2-7(1-25) PDE4A1-CAT, when synthesised in vitro, was capable of binding to isolated membranes (Smith et al., 1996) . One possibility is that helix-1 serves to stabilise membrane interaction in intact cells, perhaps because an additional membrane interaction site is required in intact cells whereas a single site sufficed in the high membrane input used for in vitro assays. However, as our previous analyses have shown, single point mutations in helix-2 served to ablate in vitro binding to membranes and lipid vesicles of 1-25PDE4A1-CAT, a construct that contained helix-1 . Thus if helix-1 does contain an additional membrane-association site we suggest that such a site may operate consequent to prior membrane insertion of TAPAS-1 domain in helix-2 and the resultant conformational change that occurs in the unique N-terminal region of PDE4A1 .
Two binding sites are required for the correct targeting of PDE4A1 in living cells Many essentially 'soluble' proteins that are found associated with membranes have two points of interaction, such as the key signalling protein Ras (Goodwin et al., 2005; Hancock et al., 1990; Zhang and Casey, 1996) . We set out to examine the concept that two membrane-association sites may be needed to achieve efficient membrane targeting of PDE4A1 in intact cells. Our hypothesis is that helix-1 serves to stabilise a prior helix-2 membrane insertion. One way of evaluating a need for a second site would be to compare a GFP chimera of helix-2-hinge-helix-2 (H2-H2-GFP) with one that was composed of helix-1-hinge-helix-1 (H1-H1-GFP). Indeed, doing this we found that the H2-H2-GFP chimera exhibited complete membrane-association in COS1 cells (Fig. 3A) . However, the fidelity of its targeting was clearly compromised compared with (1-25)-4A1-GFP (Fig. 3A) , with now only 39±5% (n=25 cells) of its immunofluorescence being Golgi associated. Furthermore, unlike PDE4A1, H2-H2-GFP was not constrained to the trans-Golgi as the majority (86±4%; n=25 cells) of the Golgi marker, BODIPY ceramide now overlapped with H2-H2-GFP fluorescence. H2-H2-GFP was also found associated with other membrane structures (Fig. 3A,B) , with 70±4.8% (n=25 cells) of the ER marker overlapping with H2-H2-GFP fluorescence and 20±2%, (n=25 cells) of the mitochondria marker overlapping with H2-H2-GFP fluorescence.
In marked contrast to the membrane association seen using H2-H2-GFP, the H1-H1-GFP chimera singularly failed to show any membrane association (Fig. 3A) . Thus we suggest that effective targeting of PDE4A1 in intact cells requires two membrane interaction sites, one supplied by the TAPAS-1 domain in helix-2 and a second supplied by helix-1, which does not function alone but depends upon the action of helix-2.
A mobile hinge region separates helix-1 from helix-2 in (1-25)-4A1-GFP, which we surmise may act to ensure the correct Journal of Cell Science 119 (18) orientation of the two helical regions relative to each other. Our previous analyses have shown that when a chimera lacking the hinge region, ⌬8-13(1-25)PDE4A1-CAT, was constructed and expressed in vitro, then this construct was still able to bind to membranes (Smith et al., 1996) . Consistent with this, we show here that the ⌬8-13(1-25)-4A1-GFP chimera is still membrane associated when expressed in living cells (Fig. 3C) . However, what is apparent is that such a chimera now fails to exhibit such tight localisation to the Golgi and fluorescence is now also associated with other vesicles and membranous structures within the cell, including mitochondria (Fig. 3C ). This may indicate that correct targeting of PDE4A1 depends upon the appropriate positioning of helix-1 relative to the TAPAS1-containing helix-2, a function provided by the mobile hinge region.
Helix-1 contains a distinct binding motif that facilitates Golgi targeting
The TAPAS-1 domain of helix-2 contains a LVxWW motif that provides its central bilayer insertion unit . The function of this motif is destroyed when any of these various residues are mutated to either alanine or aspartate . Interestingly, helix-1 contains what might be construed as a similar motif (aliphaticaliphatic-X-aromatic-aromatic), comprised of the residues LVDFF, with the noticeable difference of an acidic aspartate residue (Asp5) at position 3 instead of the neutral glycine (Gly18) found at position 3 in helix-2. In the case of the TAPAS1 domain, substitution of Gly18 with Asp would preclude membrane insertion. However, in helix-2 an Asp residue is present immediately following the bilayer insertion motif, as in LVGWWD. This Asp21 residue provides a Ca 2+ -operated switch, which gates insertion of LVGWW into the lipid bilayer. When Asp21 is mutated to Ala this allows the TAPAS1 domain to insert into lipid bilayers in a Ca 2+ -independent manner . To examine whether the Asp5 residue in LVDFF of helix-1 plays a functional role, we mutated this residue to Ala and examined the distribution of such a mutant species in living cells. In doing this we saw that Asp5 plays an important role in the fidelity of Golgi targeting. Thus its simple mutation to Ala caused a profound redistribution of the (1-25)-4A1-GFP chimera such that now it was localised to dense puncta throughout the cytoplasm in addition to a fraction being associated with the Golgi (Fig. 4A,B) . The LV and FF pairings in LVDFF of helix-1 are also pivotal in conferring Golgi association as evidenced from analyses of the L3A,V4A double mutant and the F6A, F7A double mutant, which both showed loss of targeting of (1-25)-4A1-GFP to the Golgi (Fig. 4C,E) . Further analysis showed that Golgi targeting was severely reduced in the L3A mutant but not the V4A mutant with 76±4% (n=25) of V4A being associated with the Golgi in contrast to only 5±0.7% (n=25) of the L3A mutant (Fig. 4D,E) , identifying Leu3, rather than Val4 as being the key residue of this pairing involved in the fidelity of Golgi targeting. In contrast to this, the single mutation of either F6A or F7A caused profound loss of membrane targeting of (1-25)-4A1-GFP (Fig. 4D,E) indicating the importance of both of these phenylalanine residues in helix-1 to the targeting of PDE4A1. Thus the key motif required for helix-1 to confer Golgi targeting on PDE4A1 is LxDFF.
Phosphatidic acid generation by PLD influences the distribution of Asp5Ala(1-25)-4A1-GFP The punctate staining pattern seen for the Asp5Ala mutant form of (1-25)-4A1-GFP is reminiscent of the localisation of endogenous PLD2 in various cells (Freyberg et al., 2002) . As others have shown for PLD2 (Freyberg et al., 2002) , we also failed to observe any co-localisation of the punctate distribution of D5A(1-25)-4A1-GFP with markers of ER (BiP and GRP78), lysosomes (Lysotracker), mitochondria (Mitotracker) or early endosomes (EEA1) (Fig. 4A,B) . PLD is responsible for catalysing the hydrolysis of phospholipids, primarily phosphatidylcholine, to produce PA (Exton, 2002) , to which the TAPAS-1 domain in helix-2 of PDE4A1 preferentially binds . We therefore examined the effect of inhibiting the ability of PLD to produce PA on the localisation of (1-25)-4A1-GFP and the D5A(1-25)-4A1-GFP mutant. To do this we took advantage of the welltried procedure using butan-1-ol as a specific inhibitor of PA generation. This is based upon the fact that primary alcohols compete with water to be the hydroxyl donor in the hydrolysis of PA by PLD, resulting in the production of phosphatidylalcohol and thereby ablating PA formation through PLD (Exton, 2002) . When cells overexpressing D5A(1-25)-4A1-GFP were pre-incubated with butan-1-ol the distribution of this mutant protein lost its punctate-distributed component and reverted to an exclusively Golgi-associated form (Fig. 5A ). Butan-2-ol, which is unable to substitute for water in the hydrolysis of PA from PC, and which therefore acts as a stringent negative control for the specificity of the action of butan-1-ol at these concentrations of alcohol (Exton, 2002) , caused no change in the distribution of D5A(1-25)-4A1-GFP (Fig. 5A) . Calphostin-c, has recently been shown to be a direct and potent inhibitor of PLD1 and PLD2 (Sciorra et al., 2001 ). This inhibitory effect on PLD has been shown to be independent of any action on PKC (Sciorra et al., 2001 ). We therefore looked at the effect of 1 M calphostin-c on the distribution of D5A(1-25)-4A1-GFP where, in agreement with results using butan-1-ol, we found it constrained the localisation of this mutant protein to the Golgi (Fig. 5A ). This demonstrates that the distribution of D5A(1-25)-4A1-GFP mutant is influenced by PLD activity, specifically in allowing this mutant chimera to redistribute out of the Golgi and into punctate structures located throughout the cell cytosol.
To examine whether the distribution of D5A(1-25)-4A1-GFP reflected that of full-length PDE4A1, we engineered a full-length PDE4A1 construct in which Asp5 was mutated to Ala (D5A-PDE4A1). As in the case of D5A(1-25)-4A1-GFP, when expressed in Cos1 cells D5A-PDE4A1 was localised largely within punctate structures in the cytoplasm rather than being confined to the Golgi (Fig. 5B ). As seen with the D5A(1-25)-4A1-GFP chimera, treatment of cells expressing D5A-PDE4A1 for 10 minutes with butan-1-ol, but not butan-2-ol, caused PDE4A1-D5A to relocalise to the Golgi (Fig. 5B) .
Mobilisation of intracellular Ca
2+ stores by thapsigargin causes redistribution of PDE4A1 from the Golgi in a PLD-dependent manner In contrast to the wild-type (1-25)-4A1-GFP chimera, the Asp5Ala mutant displayed a profound redistribution to punctate structures throughout the cytosol rather than being confined to the trans-Golgi stack (Fig. 5A) . We have previously shown that the trigger for the irreversible insertion of TAPAS-1 into the lipid bilayer is due to the interaction of Ca 2+ with Asp21 . On this basis we hypothesised that the intracellular redistribution of (1-25)-4A1-GFP, as seen in the D5A mutants, might in fact be mimicking a dynamic physiological process regulated by changes in intracellular Ca 2+ levels in intact cells and mediated by Ca 2+ interaction with Asp5. To assess this, we treated cells with the Ca 2+ -ATPase inhibitor, thapsigargin in order to increase intracellular Ca 2+ levels. We observed that 2 M thapsigargin (37°C, 30 minutes) caused the redistribution of (1-25)-4A1-GFP to punctate structures throughout the cytoplasm similar to that seen in the D5A(1-25)-4A1-GFP mutant (Fig. 6A) . Indeed, as with the D5A(1-25)-4A1-GFP mutant, the redistribution of (1-25)-4A1-GFP caused by thapsigargin was reversed by pre-incubation of the cells with butan-1-ol or calphostin-c, but not butan-2-ol ( Fig. 6A) indicating that the redistribution of (1-25)-4A1-GFP in response to thapsigargin is a dynamic and reversible process.
To investigate if full-length PDE4A1 was relocalised by increasing intracellular Ca 2+ we examined the effect of thapsigargin on the distribution of PDE4A1 in paraformaldehyde-fixed COS1 cells. As with the (1-25)-4A1-GFP chimera, PDE4A1 was relocalised from an exclusively Golgi localisation to a punctuate distribution throughout the cytosol following thapsigargin treatment (Fig. 6A) . This paralleled the distribution seen with the (1-25)-4A1-GFP upon such treatment. Such a punctuate distribution of PDE4A1 was reversed following butan-1-ol or calphostin-c but not butan-2-ol treatment (Fig. 6A) .
As for the intracellular distribution of D5A(1-25)-4A1-GFP, no co-localisation of the redistributed mutant PDE4A1 could be seen with markers of the Golgi apparatus, ER, lysosomes or mitochondria and no effect on the integrity of these structures was observed following thapsigargin treatment (Fig.  6B) . Thus mobilisation of intracellular Ca 2+ stores by thapsigargin causes the dynamic intracellular redistribution of PDE4A1 from an exclusive trans-Golgi localisation to a punctate distribution in cells through a process that is dependent upon PLD activation.
Discussion
It is now becoming increasingly apparent that cell-signalling pathways do not function in isolation, rather, cross-talk between them serves to integrate functional outcome. This integration of signalling pathways is exquisitely dependent on the spatial and temporal characteristics of the proteins involved and can involve phosphorylation and/or relocalisation of components Cooper, 2003; Dumaz and Marais, 2005; Zaccolo et al., 2002) .
Although PLD is recognised as being an important signalling protein, the functional consequences of PA generation are only just beginning to be understood. Like other acidic phospholipids, PA can bind electrostatically to functional surfaces of various proteins and exert regulatory effects, such as that seen with Raf-1 (Ghosh et al., 1996) , sphingosine kinase-1 (Delon et al., 2004) , mTOR (Fang et al., 2001) and also the UCR1 regulatory region of long PDE4 isoforms (Grange et al., 2000) . However, the TAPAS-1 domain found in the short PDE4A1 isoform lacks the PA/PS-binding UCR1 region and, instead, provides a Ca 2+ -triggered bilayer integration module which shows a preference for interacting with PA over other phospholipids, including the acidic PS and PIP2 . Once exposed to elevated Ca 2+ levels, TAPAS-1 irreversibly integrates into the lipid bilayer and PDE4A1 localises to the trans-Golgi stack . Such an integration of PDE4A1 into the lipid bilayer is thus a permanent reflection of a cell having experienced an elevation in intracellular Ca 2+ levels. However, as we show here for the first time, in the intact cell, such a finely targeted PDE4A1 does not remain insensitive to further changes in intracellular Ca 2+ . Thus a Ca 2+ -gated process, involving Asp5 within helix-1, together with the action of PLD act to dynamically and reversibly determine the spatial and temporal localisation of PDE4A1 within the cell.
More than one binding domain is required for membrane association and Golgi targeting of PDE4A1 An increasing body of evidence indicates that essentially soluble proteins that are able to anchor to membranes invariably require more than one binding site or lipid modification to facilitate membrane association in living cells. For example, the key signalling protein Ras needs to be both farnesylated and palmitoylated to achieve fidelity of membrane targeting and signalling (Goodwin et al., 2005; Hancock et al., Journal of Cell Science 119 (18) . The Golgi apparatus was visualised using BODIPY ceramide, the ER using ERtracker, lysosomes using ERtracker and mitochondria using Mitotracker. PDE4A1 intracellular trafficking 1990; Zhang and Casey, 1996) , the src-family tyrosyl kinase, LYN requires two hydrophobic interactions supplied by palmitoylation and myristoylation in order to localise within lipid rafts in the plasma membrane (Xu et al., 2005) and, in the case of p47 phox , simultaneous occupancy of two phospholipid binding pockets, one of which binds PIP 2 and the other either PA or PS, radically increases membrane association (Karathanassis et al., 2002) .
Here we show that for membrane association of PDE4A1 in the intact cell, helix-2, which contains the TAPAS1 domain, is in itself insufficient for intracellular targeting of PDE4A1, implying a need for a second membrane interaction domain. In helix-2 we have identified the membrane-insertion unit encompassed by the TAPAS-1 domain, where the W19-W20 pairing along with the L16-V17, inserts into the lipid bilayer. The basis of the membrane interaction mechanism involving helix-1 is, as yet, unclear. Nevertheless, we have shown previously that this region does not bind phospholipids , implying that it may associate with a protein. If so, then we presume that this occurs subsequent to helix-2 insertion, as the helix-1-hinge-helix-1 chimera does not target to membranes (Fig. 3A) . Resolution of the action of helix-1 in the targeting of PDE4A1 will be a considerable challenge, because, not only does membrane insertion of helix-2 serve as a prerequisite for helix-1 to express membrane-association properties, but the release of PDE4A1 from membranes is exquisitely sensitive to detergents (Shakur et al., 1995) . Thus solubilising detergents are likely to displace putative proteins interacting with the hydrophobic amino acids we have identified here as being involved in the membrane-association properties of helix-1. We infer that the nature of the association of helix-1 to its binding partner is likely to be exquisitely dependent on the TAPAS1-PA interaction and thus is readily disrupted by detergents.
We have previously determined (Smith et al., 1996) the NMR structure of the unique N-terminal region of PDE4A1, which reveals that the negatively charged Ca 2+ -binding Asp21 is found on the aqueous-facing surface of helix-2 where it juxtaposes the membrane insertion module formed by the W19-W20 located on the opposite face of helix-2 (Fig. 7 ) . However, the Ca 2+ -interacting Asp5 of helix-1, in contrast to Asp21 of helix-2, lies on the membranefacing surface of helix-2 (Fig. 7) . Such an orientation of the negatively charged Asp5 is likely to prevent any possible membrane-insertion of helix-1 concomitant with membrane insertion of the W19-W20 in helix-2. Indeed, coupled with the mobile hinge region, the presence of acidic Asp5 at this surface is likely to orientate helix-1 away from the membrane surface. This may be exacerbated further through electrostatic repulsion in the presence of head groups of negatively charged phospholipids until, presumably, it is negated by the binding of Ca 2+ to Asp5 (see below). Intriguingly, the key residues of helix-1 that are crucial for the fidelity of localisation of (1-25)-4A1-GFP (Fig. 4C) , namely Phe6, Phe7 and Leu3, form a compact hydrophobic pocket (Fig. 7) . This hydrophobic pocket in helix-1 is located on the opposite face of the helix to both Asp5 and the established bilayer insertion unit located in helix-2 (Fig. 7) , making it unlikely that they integrate into the membrane bilayer. On this basis we suggest that the amino acids forming this hydrophobic pocket in helix-1 may confer fidelity of targeting of PDE4A1 by interaction with a Golgi-located docking protein rather than by membrane insertion.
That (1-25)-4A1-GFP was found to be co-localised with the trans-Golgi marker TGN46 is particularly interesting. The trans-Golgi or late Golgi functions to sort proteins, lipids and membranes of the secretory pathway into distinct carriers to be delivered to the plasma membrane and endosomes (Gleeson et al., 2004) . It is interesting to speculate that the presence of PDE4A1 at the TGN may have functional relevance in regulating localised cAMP gradients there.
In proposing that the membrane insertion of TAPAS-1 in helix-2 is required to allow helix-1 to perform its trans-Golgi targeting role, this suggests that helix-1 and helix-2 need to be connected and orientated appropriately. Consistent with this, deletion of the mobile hinge region that links these two helices clearly compromises the fidelity of Golgi targeting of (1-25)-4A1-GFP (Fig. 3B) . Such a hinge-deficient construct was found associated with various membrane structures including mitochondria (Fig. 3B ). This hinge region is highly flexible (Smith et al., 1996) and so its functional role may be in allowing helix-1 and helix-2 to align such that TAPAS-1 can insert appropriately into the bilayer and then allow helix-1 to interact with a docking protein so as to enhance the efficiency of membrane association through helix-2 action and to confer localisation to the trans-Golgi stack.
PDE4A1 localises in a PLD-dependent manner to structures outside the Golgi following release of Ca 2+ from intracellular stores In the TAPAS-1 domain, it is the binding of Ca 2+ to Asp21 in the LVGWWD motif that allows membrane insertion of the tryptophan pairing . Like the Asp21 residue within the LVGWWD motif of TAPAS-1 we observe that, in helix-1, the key Asp5 residue is positioned so as to juxtapose the hydrophobic pocket formed by Leu3-Phe5-Phe6 (Fig. 7) .
In the LVDFF motif of helix-1, the mutation of Asp5, although not affecting the ability of (1-25)-4A1-GFP to associate with membranes, caused a profound change in the intracellular distribution of this chimera (Fig. 4A ). Thus Asp5Ala(1-25)-4A1-GFP, unlike the wild-type form, was not confined to the trans-Golgi stack, but now distributed throughout the various Golgi stacks and into punctate structures found throughout the cytosol (Fig. 4A) . Given that mutation of Asp21 to Ala negates the requirement for Ca 2+ to achieve membrane association of TAPAS1 in helix-2 , we surmised that elevated Ca 2+ might also interact with Asp5 and trigger a similar relocalisation of (1-25)-4A1-GFP, as seen with the Asp5Ala mutant. This was seemingly the case, as elevating intracellular Ca 2+ , using thapsigargin, conferred on (1-25)-4A1-GFP a similar localisation to that shown by Asp5Ala(1-25)-4A1-GFP in resting cells. Our proposal is that 'neutralisation' of Asp5 by either mutation to an uncharged amino acid or by interaction with Ca 2+ ablates the trans-Golgi retention signal while retaining a membrane association signal.
A number of predictions arise from such a proposal. One is that amino acids in helix-1 other than Asp5 are involved in membrane association. Indeed, this is likely to be the case as the functioning of helix-1 to confer membrane association of (1-25)-4A1-GFP in living cells is clearly compromised upon alanine mutation of any of Leu3, Phe6 and Phe7 (Fig. 4C) . The second is that ablation of the trans-Golgi retention signal may now allow the preference of TAPAS-1 for interaction with PA to dominate the intracellular distribution of (1-25)-4A1-GFP. Indeed, this appears likely to be the case as the redistribution of wild-type (1-25)-4A1-GFP subsequent to thapsigargin treatment, as well as the punctate distribution of the D5A(1-25)-4A1GFP mutant, are both interrupted (Figs 5, 6 ) upon treatment with butan-1-ol, which prevents the PLD-mediated generation of PA (Exton, 2002) , or calphostin-c (Sciorra et al., 2001) . However, the distribution of the dual helix-2 chimera is somewhat different from that of the Asp5Ala(1-25)-4A1-GFP, indicating that even though Golgi retention is aborted, residues in helix-1 are able to influence intracellular distribution of PDE4A1 in addition to any purported influence of PA exerted through helix-2. In performing these studies we also ascertained that full-length PDE4A1 was able to relocalise from the Golgi to punctate structures throughout the cytosol following treatment with thapsigargin (Fig. 6 ). This indicates, as shown previously , that the (1-25)-4A1-GFP construct is a true indicator of PDE4A1 distribution. Thus we uncover a novel regulatory process where an elevation in the intracellular levels of Ca 2+ would serve first, through interaction with Asp21 in helix-2, to cause the irreversible membrane association of PDE4A1, providing a 'long-term' memory of Ca 2+ action. Subsequent changes in the intracellular levels of Ca 2+ would, by interacting with Asp5 in helix-1, trigger dynamic changes in the intracellular distribution of PDE4A1 that are determined by PLD activity, providing 'shortterm' memory of Ca 2+ action. Our studies attribute distinct functional significance to each of the helical regions identified in the unique N-terminal region of PDE4A1. These are a Ca 2+ -gated membrane insertion domain (TAPAS-1) within helix-2 and a trans-Golgi retention function associated with helix-1, which can be released upon elevation of intracellular Ca 2+ . Although the functional role of such redistribution poses a major challenge to be addressed we provide here, for the first time, evidence for the dynamic redistribution of a cAMP-specific phosphodiesterase in response to elevated Ca 2+ levels in the cell. As such we identify a potential novel point of cross-talk between the cAMP, Ca 2+ and PLD signalling systems.
Materials and Methods
Materials
FuGENE6 transfection reagent (Roche, Indianapolis, IN) was used to transfect cells. Antibodies specific for the following organelles were used: trans-Golgi marker TGN46 (Serotec, Oxford, UK), the cis-Golgi marker Gm130, the ER marker BiP/GRP78 and the early endosome marker EEA1 (all from Transduction Labs, BD Biosciences). BODIPY ® FL C 5 -ceramide (Golgi marker), ERtracker, Mitotracker and Lysotracker were used in live cell studies and Alexa Fluor 594 (Invitrogen, Molecular Probes, OR) was used to visualise the localisation of untagged proteins. The following reagents were used at concentrations indicated: butan-1-ol (0.3%, 40 mM), butan-2-ol (0.3%, 40 mM) (Fisher Scientific, Leicester, UK), Thapsigargin (2 M), calphostin-c (1 M) and ionomycin (2 M) (Sigma, St Louis, MO)
Constructs
Site-directed mutagenesis was performed using a QuikChange DNA mutagenesis kit according to the manufacturer's instructions (Stratagene, CA). All mutagenesis and deletion constructs were confirmed by DNA sequencing.
Full-length PDE4A1 (GenBank TM accession number M26715) (Davis et al., 1989) was used. This was cloned into the pcDNA3 vector for COS1 cell expression studies.
The N-terminal 25 amino acids of PDE4A1 (RD1) were cloned as an in-frame fusion with GFP in the vector pEGFP-N1, via KpnI-BamHI sites to create NT-4A1-GFP. The methionine residue at the start of eGFP was mutated to alanine in order to prevent any 'false' initiation at this point leading to the expression of eGFP alone. This modified construct was used as the template for all mutations and deletions in NT-4A1-GFP.
Transfection of COS1 cells
COS1 cells were maintained and transfected essentially as described previously (Huston et al., 1996) . COS1 cells were plated out onto coverslips (21 mm diameter) at ~30% confluency, 24 hours before transfection with the required plasmid DNA. Cells were transfected with 1 g of plasmid DNA using 5 l FuGENE 6 transfection reagent.
Microscopy
Cells were visualised using a Zeiss Pascal laser-scanning confocal microscope and an Axiovert 100 microscope with a 63ϫ /1.4 NA plan apochromat lens, as described (Huston et al., 1996) . Where quantification was to be carried out, a Nikon Diaphot inverted microscope was used equipped with a 40ϫ oil-immersion Fluor objective lens (1.3 NA). A monochromator (Optoscan) was used to excite cells and fluorescence emission was detected by a cooled digital charge-coupled device camera (Cool Snap-HQ; Photometrics, Tucson, AZ), as described previously by others (Pediani et al., 2005) . Cells were analysed 24-48 hours after transfection. In some instances, as indicated, cells were fixed for 10 minutes in TBS containing 4% paraformaldehyde and 5% sucrose. They were then permeabilised by performing three 5-minute incubations with 200 l of 0.2% Triton X-100 in Tris-buffered saline (TBS; 150 mM NaCl, 20 mM Tris-HCl, pH 7.4), followed by a blocking step comprising three 5-minute incubations with blocking buffer (10% appropriate serum and 2% BSA). Primary antibodies were diluted to the required concentration in dilutant buffer (blocking buffer diluted 1:1 with TBS) and 200 l of this mix was added to the slide and incubated at 20°C for 2 hours. Slides were then washed with three changes of blocking buffer and incubated with 200 l of 1:400 diluted Alexa Fluor conjugated IgG for 1 hour. Cells transfected with full-length PDE4A1 were labeled for 2 hours with antibodies raised against specific peptide sequences of the C-terminal region of PDE4A1 as described (Huston et al., 2000; Shakur et al., 1995) . Where co-localisation of organelles was analysed, the appropriate antibody was used, as indicated, and detected with Alexa Fluor 594 for 1 hour. All incubations were carried out at room temperature. Where Mitotracker, ERtracker or Lysotracker were used, these were added to living cells at a concentration of 50 nM for 15 minutes before fresh medium was added and the cells observed. PDE4A1 intracellular trafficking to the cell was used to determine the average background level of fluorescence in the red and green channels. The background amount was then subtracted from each pixel in each channel. Cells were chosen at random from the transfected population of cells.
Where correlation plots were generated, a region of interest was manually drawn around positive staining for the BODIPY ® Fl C 5 Golgi marker (BODIPY ceramide), which was then selected and transferred to the matched image acquired in the GFP channel. Correlation coefficients were evaluated by comparing the amounts of fluorescence measured in each matched pixel of the two different channels using the MetaMorph 'correlation plot' application. Where pixel-by-pixel evaluation of co-localisation within the whole cell was to be analysed, MetaMorph imaging software was used to highlight a region of interest, this time around the whole cell in the GFP channel. This region was then transferred to the red channel and individual cells extracted. The threshold pixel intensity tool of Metamorph was then used to pick out areas of fluorescence on both the GFP and red image. The corresponding images were compared using the co-localisation tool of Metamorph and expressed as a percentage of overlapping fluorescence. All quantification was carried out using cells from at least three independent transfections.
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